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A B S T R A C T
Milk and beef production generates environmental burdens globally and locally. Across many regions a typical
dairy intensification pathway is for dairy farms to specialize on milk production and reduce the co-production of
beef (i.e. ‘dairy-beef’). Dairy-beef thus reduces and beef needs to be produced elsewhere if beef production is to
be maintained. Life Cycle Assessment (LCA) studies quantifying the environmental implications of dairy and beef
production have largely focused on the farm level and not captured system connections. Further LCA work has
generally represented the ‘average’ farm of a region, consequently ignoring the range in farm management
observed in practice and few studies consider a range of LCA environmental footprints other than carbon
footprints. For the first time, we present comprehensive LCA results for multiple environmental burdens based
on a large panel dataset for commercial dairy and suckler-beef farms. We present a 15-year LCA assessment of a
total of 738 dairy (3624 data points in 15 years) and 1887 suckler-beef (10,340 data points in 15 years) UK farms
for five major LCA footprints. We also explore the footprint implications of compensating for reduced dairy-beef
through producing this ‘displaced’ beef on suckler-beef farms. We found a substantial variation in farm footprints
not captured in ‘average farm’ studies. Dairy-beef was much more efficient than beef produced on suckler-beef
farms in terms of footprints per unit of beef output. Reducing dairy-beef and replacing it on a suckler-beef farm
generally significantly increased environmental burdens. A reduction in carbon footprint was also associated
with a reduction in other burdens suggesting no trade-off between local and global emissions. Increasing dairy
farm diversification via higher dairy-beef output per unit of milk reduced burdens by up to 11–56%, on average,
depending on burden and sensitivity run. We conclude that overspecialization of dairy farms in milk production
increases the combined burdens from beef and milk, and that more intensive beef systems that make more
efficient use of forage land play a crucial role in mitigating these burdens.
1. Introduction
Global demand for milk and meat products is projected to increase
significantly in the forthcoming decades (Alexandratos and Bruinsma,
2012). In order to keep up with demand, dairy and beef farms have
achieved notable increases in production intensity measured as output
(mass of milk or meat) per animal and per farming area (Domingues
et al., 2018; Gonzalez-Mejia et al., 2018; Puillet et al., 2014). However,
farming for milk and beef generates substantial environmental burdens
both globally (e.g. global warming, non-renewable energy use) and
locally (e.g. eutrophication, acidification; Guerci et al., 2013; Modernel
et al., 2013). Although increased dairy farming intensity can reduce
environmental footprints per unit of milk, the lower number of cows
needed to maintain- or increase- milk production levels has displaced
beef production from dairy farms on to specialized beef farms. A con-
sequence is that total environmental burdens arising from the separated
dairy and beef farms may in fact be higher than if beef production levels
were maintained on the dairy farm (Zehetmeier et al., 2012).
A conceptual framework of the interconnectedness between milk
and beef production is illustrated in Fig. 1. Dairy farm 1 represents a
typical situation observed on many commercial dairy farms whereby
dairy and beef production are co-produced, thus surplus calves are
transferred out of the dairy enterprise and into an adjacent beef en-
terprise for beef production (Styles et al., 2018). Dairy farm 1 is more
‘diversified’ in that it produces beef that comes from either its dairy
enterprise (from cull dairy cows) or the beef enterprise (from fattened
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surplus dairy animals).1 In contrast, dairy farm 2 is ‘specialized’ in in-
tensive milk production by increasing milk yields per cow, and ex-
porting all surplus dairy calves for slaughter at weaning, thus producing
significantly less beef (Fig. 1). Given high and increasing demand for
beef (Alexandratos and Bruinsma, 2012), the shortfall in beef produc-
tion must be compensated for by ‘displaced’ production on a separate
beef farm (system ‘Dairy+ Beef’ in Fig. 1). Because dairy farms 1 and 2
and the beef farm all generate environmental burdens (Fig. 1), the
question is whether dairy farm 1 (system ‘Dairy-Beef’ in (Fig. 1) ag-
gregate environmental burdens are lower or higher than Dairy+Beef
aggregate burdens per unit of product. In other words, does increasing
dairy farming specialization via intensive milk production increase or
reduce ‘inter-system-level’ (i.e. combined dairy and beef production)
total burdens from milk and beef production?
This close relationship between milk and beef production has been
the subject of numerous studies quantifying the environmental impacts
of compensating for beef no longer produced on the dairy farm (see
Styles et al., 2018; Vellinga and de Vries, 2018). These studies clearly
demonstrate the influence that beef production can have on environ-
mental footprints (i) on the dairy farm (Vellinga and de Vries, 2018);
and (ii) globally, through land use change, as a greater area of land for
beef production would be required to counterbalance reduced dairy-
beef production (Styles et al., 2018).
Most of these studies are confined to a single indicator of environ-
mental performance, typically the carbon footprint, i.e. the sum of
greenhouse gas emissions from different farming activities and/or from
land use change. The carbon footprint primarily concerns pollution at a
global scale. Additional indicators are needed to fully assess the en-
vironmental performance of milk and beef production from the dairy
farm; and to capture environmental impacts that are more relevant at
the local scale (Modernel et al., 2013; Soteriades et al., 2018). Life cycle
assessment (LCA) is a methodology that can be used in such a manner to
estimate whole-system resource use and environmental impacts, be-
yond carbon footprints (Ledgard et al., 2003).
Comprehensive studies face the difficulty of obtaining sufficiently
detailed data for an adequately large set of commercial farms and over
extended time periods. Generally, studies either consider a small
number of farm scenarios representing ‘typical’ systems (e.g. Styles
et al., 2018; Zehetmeier et al., 2012) or base their analysis on a few real
farms (e.g. Flysjö et al., 2012 studied 23 farms). In addition, the en-
vironmental footprint intensities of beef produced on a beef farm that
would compensate for lower beef output from the dairy farm are ty-
pically assumed to be those of a ‘representative’ European or North
American beef system (Styles et al., 2018; Vellinga and de Vries, 2018).
The wide range of environmental footprint intensities and farm man-
agement efficiency of commercial dairy farms over time is therefore left
unaccounted for, an issue that can be resolved with the use of com-
mercial farm panel data (Gonzalez-Mejia et al., 2018).
For the first time, we develop and apply a method to estimate the
environmental footprint for a large 15-year panel dataset containing
thousands of data points and estimate the implications of displacing
beef output from dairy farms to beef farms (Fig. 1). The second major
contribution of our study is the reporting of several important local and
global LCA burdens for the whole panel dataset.
Fig. 1. Conceptual framework on which this study was based. LWG: live weight gain; EBs: environmental burdens.
1 We define ‘diversification’ according to Summer and Wolf (2002, p. 447),
i.e. ‘[…] the presence of multiple production enterprises with distinct marketed
outputs in a single management unit’.
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2. Material and methods
2.1. Putting the conceptual framework into effect
2.1.1. Primary approach
The main approach was to assess environmental footprints at the
‘inter-system-level’ (i.e. total dairy and beef production; Dairy-Beef
versus Dairy+Beef in Fig. 1) when lower dairy-beef output (i.e. live
weight gain; LWG; see McAuliffe et al., 2018; Ruviaro et al., 2015) from
an intensified dairy farm is necessarily compensated by beef produced
on a geographically separated beef farm (see Introduction and Fig. 1).
This is based on the logic that total demand for beef is considerably
higher than dairy-beef supply (Nguyen et al., 2010). Our conceptual
framework (Fig. 1) represents two extreme cases:
• Diversified dairy farms containing both dairy and dairy-beef en-
terprises, (dairy farm 1 in Fig. 1), with milk and beef burdens largely
attributable to the same farm.
• Specialized dairy farms containing an intensive dairy enterprise
(dairy farm 2+beef farm in Fig. 1), with beef burdens largely at-
tributable to ‘displaced’ beef produced on separate beef farms,
which we consider to be suckler-beef farms for the purposes of
conceptual clarity (Styles et al., 2018) – discussed later.
In reality, actual dairy farms are on a continuum between the two
extremes. This calls for an accounting approach that represents the
quantities of milk and beef produced on dairy farms, considering cou-
pled beef enterprises. A recent study (Vellinga and de Vries, 2018) re-
commends calculating the beef:milk ratio for individual dairy farms.
This ratio indicates the level of a dairy farm's milk specialization: the
lower it is, the more milk-intensive the farm is, so it forgoes a larger
amount of beef output. When comparing dairy farm efficiency across a
population of farms, one way to look at this is to take the maximum
beef:milk ratio from that population, and consider that the quantity of
beef production below this ratio for individual farms must be com-
pensated for on a separate suckler-beef farm.
Vellinga and de Vries (2018) recommend expressing burdens for a
functional unit (FU) that represents a fixed volume of milk and beef
output. Following their approach, we here define this complex FU as:
X1 L milk and g of LWG (1)
where X represents the maximum beef:milk ratio across dairy farms
Fig. 2. Algorithm to assess the effects that intensifying milk production can have on inter-system-level burdens. FU: functional unit; LWG: live weight gain.
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within a given year (see Results and Vellinga and de Vries, 2018). The
inter-system-level environmental footprints were evaluated based on
this complex FU, which is based on LCA boundary expansion to satisfy
milk and beef demand. System expansion using this complex FU is es-
sential because allocation of dairy farm system burdens across milk and
meat products, based on e.g. energy content, economic value or protein
content, is based upon a truncation of system boundaries in a manner
that does not capture the important inter-system effects we elaborate in
this paper.
This method makes three major assumptions:
1. The quality of meat is the same for dairy and beef breeds. This is
further discussed in Section 4.3.
2. Beef production displaced from dairy farms is equally likely to be
drawn from any UK suckler-beef farm. This can be justified on the
grounds that the decline in dairy production and cow numbers has
been highest in areas more marginal for dairy production- drier
areas where grass production is low or more upland areas. In these
locations, other cattle numbers have increased, suggesting that there
is a substitution of beef for dairy production (Defra, 2009).
3. A kilogram of displaced dairy-beef will be provided by additional
beef production sourced elsewhere in the UK. This assumption of
domestic substitution is justifiable on the basis of UK milk and beef
production trends: milk production has declined very gradually
since 2001, while total beef production has increased gradually
since 1996 (FAOSTAT, 2019).
2.1.2. An algorithm for applying the conceptual framework in practice
Our approach involved two separate LCA exercises, for the (i) dairy
farms; and (ii) beef farms. Because our dataset contained thousands of
dairy farms (J dairy farms) as well as thousands of beef farms (N beef
farms), we ran J LCAs for the dairy farms and N LCAs for the beef farms.
We assessed the effects that intensifying milk production can have on
inter-system-level burdens per complex FU within each year of the
study period. Fig. 2 describes the algorithm that was developed to as-
sess these effects. As illustrated in Fig. 2, the algorithm accounted for
the variation in environmental efficiencies observed in real beef farms
that is not captured in scenario studies assuming average environ-
mental efficiencies of beef farms (Styles et al., 2018; Vellinga and de
Vries, 2018).
The algorithm can be better understood through a series of simple
illustrative examples presented in the Supplementary Material.
Examples S1–S2 use a limited number of farms and a single beef farm.
They thus resemble typical scenario-based exercises where only one,
‘representative’ beef farm is used to calculate burdens per complex FU
for a few ‘representative’ dairy farm scenarios with different milk
production intensities (Styles et al., 2018; Vellinga and de Vries, 2018).
Based on such few data, it is challenging to determine whether in-
tensifying milk production increases or reduces burdens per complex
FU at the inter-system-level. In addition, scenario-based exercises as-
sume a fixed amount of burden per beef output for the beef farm. This
amount is likely to vary between commercial beef farms.
By contrast, Example S3 expands Examples S1–S2 to cases where
there are multiple dairy farms and multiple beef farms. Thus, for each
dairy farm, each beef-farm serves as a permutation for calculating
burdens per complex FU (Fig. 2; Table S1). Depending on the beef farm,
the burdens per complex FU of a dairy farm may be higher or lower
than of the dairy farm with the maximum beef:milk ratio. We could not
possibly expect all burdens per complex FU to be higher (or lower)
because there is a large range of beef farms in our sample that cannot be
captured by a ‘representative’ beef farm. But when they are higher for
the majority of cases, we may conclude that, on the one hand, displa-
cing beef generally increases burdens and, on the other hand, that there
may be a few cases where displacing beef to a beef farm could actually
reduce inter-system-level burdens per complex FU.
Finally, note that we carried out the analysis on an annual basis, i.e.
the farm with the maximum beef:milk ratio is different in each year. We
have chosen to use year-specific benchmarks to explicitly acknowledge
that farm structure and technology change over time- it may be in-
appropriate to benchmark farms against a farm from an earlier or a
later year.
2.1.3. Sensitivity analysis and statistical modelling
We explore the sensitivity of the results to the benchmark beef:milk
ratio using the algorithm described in Section 2.1.2 and Fig. 2, in
particular to define the benchmark farm as the average of a selected
population of farms with the highest beef:milk ratios. We therefore
performed the following sensitivity analysis on the algorithm of Fig. 2:
We replaced the maximum beef:milk ratio across the whole farm po-
pulation in each year by the average of the top-‘x%’ of farms in terms of
beef:milk ratio in that year, where ‘x%’ took the values 2.5, 5 and 10%.
While we carry out the core analysis at the national level as we are
primarily interested in dairy and beef production in aggregate we also
explore regional effects. Specifically, we quantified the environmental
implications of diversifying dairy farming by fitting five sets of robust
regression models (robust regression is less sensitive to outliers than
parametric linear regression; Venables and Ripley, 2002) where each of
the five burdens per complex FU was regressed against the beef:milk
ratio. For the data generated from the original algorithm (Fig. 2), each
regression equation also included (i) a ‘region’ control variable; (ii) a
‘region-beef:milk ratio’ interaction term to capture regional effects on
the dependent variable; and (iii) year dummy variables, to increase the
degrees of freedom and consequently improve the estimated regression
coefficients. The region variable and interaction term allowed for a
variable intercept and slope respectively, so that any region effects were
explicitly accounted for. In this analysis the farms were weighted in the
regression models by their ‘size’, namely their milk production.
For the data generated from the sensitivity analysis (see previous
paragraph), the regression did not include the region control variable
and interaction term, because the top-‘x%’ of farms were from more
than one region (i.e. averaging these farms creates a ‘synthetic’
benchmark farm that belongs to no region). The two sets of regression
models can thus be seen as complementary ways of addressing this
methodological trade-off (‘extreme’ benchmark farms, region included
in the regressions versus mean of benchmark farms, region not included
in the regression).
2.1.4. ‘Virtual’ beef farms and their intensity profiles
Based on the algorithm in Fig. 2, intensity profiles were created for the
beef farms that determine the ‘Higher’ and ‘Lower’ categories of Table S1
(see previous sub-subsection and Section S1). However, as Table S1
shows, the same beef farm could contribute to both categories (‘Higher’ or
‘Lower’), for example beef farm B2, where we get a ‘Lower’ for dairy farm
D2 and a ‘Higher’ for D3. Since the same beef farm can belong to both
categories, the intensity profiles were based on two groups of ‘virtual’ beef
farms where the variables of interest were averaged over all ‘Higher’ or
‘Lower’ occurrences. For instance, choosing the stocking rate as an in-
tensity variable, the average stocking rates for each group of ‘virtual’ beef
farms is (based on Table S1): SR of ‘Higher’ group= (SR_B1
+SR_B1+SR_B2+SR_B3+SR_B3+SR_B4+SR_B4)/7 SR of ‘Lower’
group=SR_B2.
We used the following variables to create intensity profiles for the
‘virtual’ beef farms at the animal- and farm-levels: stocking rate
(LU ha−1); concentrate use (t drymatter LU−1); animal-level beef pro-
duction (kg LWG LU−1); farm-level beef production (kg LWG ha−1); on-
farm area (ha); and off-farm area (ha). We tested for significant dif-
ferences between ‘virtual’ beef farms in terms of the intensity variables
using the Mann-Whitney test (Conover, 1999).
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2.2. Data
2.2.1. Farm business survey data
The Farm Business Survey (FBS) is a comprehensive source of
business information from farms in England and Wales. The survey
provides information on the financial position and physical and eco-
nomic performance of farm businesses for each year of the survey (FBS,
2018a). We used data from 15 annual surveys spanning the period
2001/02–2015/16. These 15 datasets are available under special li-
cense from the UK Data Service (2018) and described in detail in
Gonzalez-Mejia et al. (2018) and Parsons and Williams (2015).
The FBS variables (FBS, 2018b) used include farm area (grazing;
grass silage; maize silage), number of animals in each enterprise (Dairy;
Other Cattle; Sheep, Pigs, Poultry and Other Livestock) and cohort
(dairy/beef calves, heifers, cows and bulls; other male/female beef
cattle< 1y, 1–2y and > 2y, etc.), concentrate and fertilizer costs and
milk production.
We defined a ‘dairy farm’ as a farm with at least 10 dairy cows
producing between 4000 and 15,000 L of milk yr−1 per cow. A large
proportion of dairy farms had several enterprises other than ‘Dairy’. The
dairy (dairy cows, calves, heifers and bulls) and beef (i.e. ‘Other Cattle’:
surplus calves, bulls and heifers) enterprises were separated out by
apportionment of main farm variables (grazing and silage areas; and
concentrate costs) to the dairy and beef enterprises only, based on the
number of dairy and beef livestock units (LU) as a proportion of all LU
on the farm (for LU equivalents consistent with the FBS cohorts see
Redman, 2017, p. 89). A similar process was followed for beef farms,
based on the proportion of beef LUs only.
We assumed that the dairy and beef animals consumed three forage
types produced on the farm: grazed grass, grass silage and maize silage.
This assumption is consistent with published information on UK dairy
and beef farm forage sources (Brown et al., 2017) and was supported by
the fact that the vast majority of the studied farms had zero entries for
other forages and crops such as hay and barley.
Concentrate costs were converted into amount of concentrate used
on the farm based on historical price data for standard concentrates
(AHDB Dairy, 2018). Similarly, fertilizer costs were converted into
volumes based on historical price data for nitrogen (N), phosphorous
(P) and potash (K) fertilisers (AHDB Dairy, 2017) and on N:P:K ratios
for grasslands and forage crops taken from UK fertilizer recommenda-
tions (AHDB, 2017).
The dataset contained 2021 unique beef farms of several distinct
systems (FBS, 2016) of which 1887 (or 10,340 data points over
15 years) were ‘suckler-beef’ systems. Given the lack of sufficient cov-
erage of other beef farm types over the 15-year period, we considered
the 1887 suckler-beef farms only. Suckler-beef farms are quite pre-
valent in the UK and Northern Europe, as they are responsible for about
70% of EU beef production (AHDB Beef and Lamb, 2016; Nguyen et al.,
2010; Weidema et al., 2008). Suckler-beef farms are semi-extensive
systems (summer grazing and indoor feeding with silages and con-
centrates in the winter) in which the beef is produced from the suckler
cow and its offspring (bull or heifer calves for meat and/or replace-
ment; Nguyen et al., 2010). Studies comparing the environmental ef-
ficiency of dairy-beef systems with dedicated beef systems, or mea-
suring the impacts of compensating for reduced dairy-beef production,
typically consider that the beef farm is a suckler-beef system, because
non-dairy-beef must be reared by dedicated beef breeding animals
(Nguyen et al., 2010; Styles et al., 2018; Vellinga and de Vries, 2018).
The dataset contained 1316 unique dairy farms with several distinct
types of adjacent beef enterprises (FBS, 2016). We considered only
dairy farms with a ‘dairy followers’ adjacent beef enterprise, i.e. 738
dairy farms (or 3624 data points over 15 years). This means that the
selected diversified farms are those where beef production is sourced
from surplus dairy animals, rather than representing a co-located
suckler-beef system.
2.2.2. Cattle data
Assumptions were made for dairy and beef cattle variables that were
not available in the FBS dataset. These variables (see Section S1) in-
cluded: number of days an animal spent in its cohort in one year; body
weight (initial and final); and average daily gain (assumed constant for
the entire period for each animal cohort; Modernel et al., 2013). Ani-
mals' nutritional requirements were estimated using standard equations
(AFRC, 1993; NRC, 2001). These variables were also used in conjunc-
tion with the number of animals in each cohort to calculate the total
gained output (LWG) from each farm in each year.
Using the nutritional requirements, the amounts of forages and
concentrates required to fulfil those requirements were calculated,
based on published information on the feeds' nutritional characteristics
(Brown et al., 2017; NRC, 2001; Redman, 2017), on typical rates of
concentrate consumption per animal and cohort (Section S.2.1) and on
average dry matter yields of forage crops (Qi et al., 2017; Redman,
2017). The full process is described in Section S.2.2. The advantage of
our method is that we used partial (i.e. average) published data and
partial FBS information (i.e. area data) to create farm-specific estimates
of the amounts of forages used on each farm.
2.3. Life cycle assessment
We performed an attributional LCA in accordance with ISO princi-
ples (ISO, 2006), accounting for upstream impacts associated with the
production and transport of inputs and all major animal, manure
management and field emissions on the dairy and suckler-beef farms
(Styles et al., 2015). The functional units were (i) one L milk (dairy
farms); (ii) one kg LWG exported from the farm gate (dairy and beef
farms); and (iii) the complex FU defined earlier (dairy farms), i.e. 1 L
milk and a fixed amount of LWG (see Eq. (1)). For dairy farms, farm
system burdens were allocated to milk and LWG based on the respective
gross energy outputs of milk and animal LWG.2 No allocation was ne-
cessary when burdens were expressed per unit of complex FU.
The environmental footprint of dairy and beef production was
quantified in terms of global warming potential (GWP, kg CO2
equivalents; eq.), eutrophication potential (EP, g PO4 eq., g= 10−3 kg),
acidification potential (AP, g SO2 eq.), fossil resource depletion po-
tential (RDP, MJ eq., MJ=106 J) and land occupation (LO, m2). These
five indicators represent significant environmental burdens from live-
stock farming on land, air and waters, largely owing to CH4, NH3 and
N2O emissions, nutrient leaching and the use of non-renewable re-
sources and land (Steinfeld et al., 2006). We expressed GWP, EP, AP,
RDP and LO in the following units, based on the CML methodology
(CML, 2017; Guinée et al., 2002): kg CO2 equivalents (eq.), g PO4 eq., g
SO2 eq., MJ eq. and m2 land, respectively.
The method largely followed the LCA of Soteriades et al. (2018),
with the following differences:
1. We estimated enteric methane emissions, volatile solids and N ex-
cretion using IPCC Tier 2 equations (IPCC, 2006) directly, rather
than obtaining these estimates from simulation modelling (Van
Amburgh et al., 2015).
2. We used the recently revised N2O-N emission factor applied to N
2Where system separation or expansion is not possible, the ISO 14040 stan-
dard recommends allocation based on physical flows, such as energy. Moreover,
energy-based allocation is a common approach in LCA, and one the objectives
of this paper is to show how common footprint approaches do not necessarily
generate reliable results when assessing the environmental efficiency of dairy
intensification. Methodological developments in allocation procedures, such as
biophysical allocation of farm burdens (Thoma et al., 2013), improve the ac-
curacy of dairy system burden allocation between milk and beef production. But
ultimately such approaches do not address the need to expand system bound-
aries to capture important downstream effects on beef production, which is the
primary point of our paper.
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excreted during grazing (0.0044 kg kg−1); and N2O-N factor applied
to ammonium-nitrate fertilizer spread on grassland (0.013 kg kg−1),
that more accurately represent UK national greenhouse gas ac-
counting (Brown et al., 2017).
3. We assumed that the proportion of ME from grazed grass was an
approximation of the time animals spent grazing. In this way, we
approximated the amount of manure stored and spread instead of
being deposited directly on the field during grazing.
Because manure storage and spreading can contribute considerably
to ammonia (NH3) and nitrous oxide (N2O) emissions, as well as to
eutrophication and acidification, we considered six permutations of
manure management practices (three manure storage types and two
manure spreading methods) observed in commercial UK farms (see
Soteriades et al., 2018). Because interpretations were similar under all
six permutations, we only report results for a single one: tank without
crust cover, trailing shoe.
2.4. Software
All calculations were performed in the R programming language (R
Core Team, 2018). Visualizations were performed with R packages
ggplot2 (Wickham, 2016) and interactions (Long, 2019). Robust regres-
sions were run with R package MASS (Venables and Ripley, 2002).
3. Results
In Section 3.1 we present the yearly LCA results per kg LWG (dairy
and suckler-beef farms) and per L milk (dairy farms) and compare the
environmental efficiency of dairy and suckler-beef farms in terms of
burdens per kg LWG. In Section 3.2 we report the findings of our pri-
mary approach (Section 2.1 and Figs. 1–2) for the dairy farms based on
the complex FU (see Eq. (1)). The LCA results are available as supple-
mentary files (see Supplementary Material). The raw farm data are
protected by a confidentiality agreement and thus were not made
available.
3.1. LCA results for suckler-beef and dairy farms
Boxplots in Fig. 3 summarize the environmental footprints per FU
for the suckler-beef farms (1887 unique farms, 10,340 data points) and
for the dairy farms (738 unique farms, 3624 data points) for each year
of the study period. For dairy farms, burdens are expressed both per kg
LWG (left-hand side y-axes) and per L milk (right-hand side y-axes).3
For clarity of presentation, some outliers were removed from Fig. 3, but
are included in the boxplots of Fig. S1 (see Section S3 for a discussion
on the observed outliers). Note the large variation in footprints of real
dairy and suckler-beef farm data observed in these figures.
For suckler-beef farms, Figs. 3 and S1 show a slight increase in mean
annual GWP, AP and LO per kg LWG, and more constant levels in mean
annual EP and RDP per kg LWG across the study period, suggesting that
suckler-beef environmental efficiency generally stagnated over time.
The burden sources that contributed more heavily to these trends in
suckler-beef farms were imported feed, manure storage and fertilisers
(Fig. 4): imported feed per LU increased over time (background cal-
culations), thus increasing, on the one hand, off-farm land occupation
(on average, between 6 and 7% of total LO in each year) and reducing,
on the other hand, the grazing period, which in turn drove up burden
contributions from manure storage (Fig. 4). Meanwhile, on-farm silage
consumption per LU slightly decreased during the period 2006–2013
(background calculations), marginally reducing RDP from fertilisers
(Fig. 4). Suckler-beef burdens per kg LWG were much higher than for
dairy-beef (Figs. 3 and S1).
For dairy farms we observe downward trends for the first years of
the study period, followed by increasing trends in mean annual burdens
per kg LWG and L milk in later years (Figs. 3 and S1). Interpretations of
these trends (Fig. 4 and background calculations) are very similar to
those for suckler-beef farms above. It seems, however, that the heavier
use of imported feed per LU in dairy farms (1.19 times higher, on
average, than suckler-beef farms; mean off-farm LO between 30 and
40% of total LO in each year) made these trends more pronounced than
in the suckler-beef case. Note, consequently, the increasing contribution
of imported feed and manure management to total burdens, along with
a decreasing contribution of enteric fermentation to GWP (Fig. 4).
3.2. LCA results for dairy farms using the complex FU
The maximum beef:milk ratio that was used to define the complex
FU (see Eq. (1)) in each year ranged between: 66 and 138 g LWG per L
milk (mean=95, median=86, SD=23) in the original data; 56 and
74 g LWG per L milk (mean=63, median= 62, SD=5) in the top-5%
sensitivity run; 63 and 92 g LWG per L milk (mean=72, median= 70,
SD=8) in the top-2.5% sensitivity run; and 50 and 79 g LWG per L
milk (mean=54, median= 54, SD=3) in the top-5% sensitivity run.
The boxplots in Fig. 5 report burdens per complex FU for each year
of the study period by summarizing over all Ny runs within each year
for the top-5% sensitivity run (see Fig. 2 and Section 2.1.3). For better
presentation, some outliers were removed from Fig. 5, but are included
in the boxplots of Fig. S2. Boxplots from the top-2.5% and top-10%
sensitivity scenarios are Figs. S3–S6 respectively. Using the complex FU
that accounts for displaced beef gave a different picture in mean dairy
farm environmental efficiency trends (Figs. 5 and S2–S6) compared
with the conventional footprint trends displayed in Figs. 3 and S1. Inter-
annual variability was higher and longer-term trends were less clear in
Figs. 5 and S2–S6 than in Figs. 3 and S1, especially for GWP, RDP and
LO.
3.2.1. Environmental implications of diversifying dairy farming
Figs. 6–7 display the results of the five robust regression models
where each burden per complex FU was regressed against the beef:milk
ratio with the regression equations that included region (see Section
2.1.3). The scatterplots of Fig. 6 plot the results of the five regression
models for the North West- a main UK dairy farming region- for the
years 2003, 2009 and 2014. Each dot represents a dairy farm in each
year. For better presentation, displayed burdens for each farm in Fig. 6
are averages of all Ny runs in the year (see Fig. 2). The red, green and
blue solid lines are the fitted robust regression linear models for 2003,
2009 and 2014 respectively. The red, green and blue dashed horizontal
lines pass through the dairy farm with the maximum beef:milk ratio in
2003, 2009 and 2014 respectively. They thus split the scatterplots into
two areas: the areas above (equivalently, below) display the dairy farms
for which displacing dairy farm beef to the suckler-beef farms resulted
3 The boxplots of burdens per kg LWG and per L of milk are identical because
there is a proportional relationship between the left-hand side and right-hand
side y-axes determined by the allocation ratio. Indeed, because of the energy
allocation, burdens apportioned to milk output for a farm are:
burden/L× total gross energy from milk/total gross energy from milk and
LWG (1)
Similarly, burdens apportioned to LWG output are:
burden/kg LWG× total gross energy from LWG/total gross energy from milk and
LWG (2)
Now,
total gross energy from milk= farm milk production in L× gross energy from
milk/L (3)
and
total gross energy from LWG= farm beef production in kg LWG× gross energy
from LWG/kg LWG. (4)
Because of (3) and (4), the ratio of (1) over (2) is:
(gross energy from milk/L) / (gross energy from LWG/kg LWG),
which is constant among burdens and proportionally scales down the left-hand
side y-axes to the values reported in the right-hand side y-axes of Fig. 3 for the
dairy farms.
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in higher (equivalently, lower) burdens per complex FU than the dairy
farm with the maximum beef:milk ratio in a particular year. Fig. 7
displays the robust regression lines for all years and regions.
Besides some exceptions (e.g. year 2003 for LO), the density of dairy
farms with higher burdens per complex FU than the farm with the
maximum beef:milk ratio was clearly greater in all burdens and years
(Fig. 6), indicating that displacing beef via intensifying milk production
on dairy farms generally increased burdens per complex FU at the inter-
system-level. The fitted lines in Figs. 6–7 confirm this trend, i.e. that
burdens per complex FU tended to reduce for dairy farms that displaced
less beef to suckler-beef farms. The only exceptions were Wales, East
Midlands, North East and West Midlands for RDP, where the regression
lines had negligibly positive slopes (Fig. 7). These exceptions aside, it is
interesting that trends are consistently downward for all burdens and
regions, despite some high-leverage points with high values for both the
beef:milk ratio and the burdens per complex FU (Figs. 6–7).
There was considerable variation between farms with a given
beef:milk production ratio and Figs. 6–7 show a few cases where dis-
placing beef from dairy farms to suckler-beef farms reduced burdens per
complex FU. Although these cases were comparatively few in most
years and burdens (Figs. 6–7), they highlight the variation observed in
real-farm data.
Interestingly, within each year, dairy farms with a beef:milk ratio
below the maximum beef:milk had lower ‘milk footprints’ (i.e. burdens
expressed per L milk than per unit of complex FU) than the farm with
the maximum beef:milk ratio in, on average (across all years), 92, 64,
45, 76 and 94% of cases for GWP, EP, AP, RDP and LO respectively.
Although this meant that more intensive dairy farms did often reduce
burdens per L of milk, not accounting for displaced beef, as in Figs. 6–7,
the milk footprint alone mischaracterizes the inter-system-level impacts
of intensive dairy farming.
We quantified the environmental implications of diversifying dairy
farming using the robust regression equations for the three top-‘x%’












































































































































































































































































































































































Fig. 3. Boxplots of burdens per kg live weight gain for 1: suckler-beef farms; and per kg live weight gain (left-hand side y-axes) and per L milk (right-hand side y-axes)
for 2: dairy farms. Red dots and horizontal lines within boxplots are the means and medians respectively. GWP: global warming potential (kg CO2 equivalents); EP:
eutrophication potential (g PO4 eq.); AP: acidification potential (g SO2 eq.); RDP: resource depletion potential (MJ); LO: land occupation (on-farm+off-farm; m2).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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percent reductions in burdens per complex FU between the dairy farms
with the lowest and highest beef:milk ratios in each year (recall that the
farms with the highest ratios are in this case the average of the top-‘x%’
of farms). Then, for each year, we predicted the burdens per complex
FU for the two farms whose beef:milk ratios were the lowest (least di-
versified farm) or highest (most diversified farm) and subsequently
calculated the percent differences in the predicted burdens per complex
FU. We also considered midpoints by assuming increases in the beef:-
milk ratio of the least diversified farm in each year from the minimum
beef:milk ratio to the: (i) first quartile; (ii) median; (iii) third quartile;
and (iv) maximum beef:milk ratio. For better presentation, Fig. 8 re-
ports results averaged across all years for the top-5% sensitivity run.
Fig. 8 is complemented by Figs. S7–S8 that report the results of the top-
2.5% and top-10% sensitivity runs respectively. It is observed that
GWP, EP, AP and LO per complex FU could be reduced by on average
13, 21, 26 and 54% respectively, when shifting from the most specia-
lized to the most diversified dairy farm (Fig. 8). These percentages are
13, 23, 29 and 56% respectively in Fig. S7 and 11, 18, 22 and 51% in
Fig. S8. Percent reductions were smaller when shifting from the most
specialized dairy farm to farms of intermediate specialization levels, but
still noticeable in many instances (Figs. 8 and S7–S8). On the other
hand, RDP increased; although by a negligible percentage (Figs. 8 and
S7–S8).
3.2.2. Intensity profiles of ‘virtual’ suckler-beef farms
Based on the number of cases for which the dairy farm burdens per
complex FU were higher or lower than the dairy farm with the highest


















































































































































































































































































































Fig. 4. Burdens per source for: 1suckler-beef farms; and 2dairy farms. (For interpretation of the references to colour in this figure, the reader is referred to the web
version of this article.)
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beef farms and tested for differences in their intensity profiles (see
Section 2.1.4). Under all sensitivity runs, the Mann–Whitney test found
significant differences between the two groups for each variable
(p < 0.01). Table 1 indicates that some degree of increased intensity at
lower concentrate use levels is required to reduce inter-system-level
burdens attributed to displaced beef production. Interestingly, the
contrast between higher stocking rates and lower concentrate use for
the ‘Lower’ group relative to the ‘Higher’ group (Table 1) may be im-
plying that suckler-beef farms appearing in the ‘Lower’ group solely, or
appearing in the ‘Lower’ group more often than in the ‘Higher’ group,
make a more efficient management of forage land. In other words, these
findings appear to suggest that more intensive suckler beef farms that
support high stocking rates with low concentrate feed requirements can
help reduce burdens at the inter-system-level even at lower levels of
dairy farm diversification.
4. Discussion
For the first time, we present comprehensive LCA results for mul-
tiple environmental burdens (Figs. 3–4 and S1) based on a large panel
dataset for commercial dairy and suckler-beef farms, and provide real-
farm evidence on the environmental implications of dairy farm spe-
cialization in intensive milk production (Figs. 5–8 and S2–S8) that has
so far been studied through limited farm (scenario) comparisons (Flysjö
et al., 2012; Styles et al., 2018; Zehetmeier et al., 2012). We found that
once beef and dairy burdens are fully accounted for, specializing dairy
farms in milk production generally leads to higher burdens at the inter-
system-level than more diversified dairy farms (i.e. farms producing a
higher proportion of beef relative to milk). Our findings on GWP are in
line with recent studies modelling dairy farming systems in different
countries (e.g. Sweden, France, UK, the Netherlands and Germany;
Flysjö et al., 2012; Puillet et al., 2014; Styles et al., 2018; Vellinga and













































































































































































Fig. 5. Boxplots of burdens per complex functional unit (1 L milk and a fixed amount of g LWG- see Eq. (1)) for the top-5% sensitivity run. Red dots and horizontal
lines within boxplots are the means and medians respectively. GWP: global warming potential (kg CO2 equivalents); EP: eutrophication potential (g PO4 eq.); AP:
acidification potential (g SO2 eq.); RDP: resource depletion potential (MJ); LO: land occupation (on-farm + off-farm; m2). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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insights into effects across four additional burdens (Figs. 6–8 and
S2–S8) and identify suckler-beef farm characteristics that can mitigate
additional burdens arising from compensatory beef requirements
(Table 1).
Our study reveals the considerable range in burdens per unit of
output that is observed in practice (Figs. 3 and S1) but not captured in
LCA studies of ‘average’ or ‘representative’ dairy and/or beef farms
(Nguyen et al., 2010; Styles et al., 2018; Vellinga and de Vries, 2018).
Such studies are normally confined to the creation of farm scenarios
(e.g. low, medium or high farming intensity; Styles et al., 2018) based
on data from a few commercial farms and on complementary data from
national reports and databases (Flysjö et al., 2012; Ruviaro et al.,
2015). By contrast, our dataset provides a much broader insight into the
sustainability of dairy farming systems that (i) may be used to study the
relationships between continuous variables of farming intensity, spe-
cialization and environmental performance, while accounting for var-
iation between farms; (ii) may form the basis for upscaling4 into distinct
scenarios of farming and environmental intensity based on real-farm
data (Gonzalez-Mejia et al., 2018; Soteriades et al., 2018) than ‘average
farm’ scenarios; and (iii) confirms that the conclusions from modelled
farm scenario studies hold for a wide range of stocking densities and
intensities that are found in practice.
4.1. Role of diversified dairy farms in mitigating burdens
A key aspect of our work is the use of the complex FU (Eq. (1)) to
fully capture the environmental impacts of intensifying milk production
of dairy farms (Figs. 5 and S2). Partial indicators of environmental ef-
ficiency that typically allocate burdens to milk and express them per L
milk fail to capture the evidently significant contribution of the dairy
farms' beef output to mitigating burdens at the inter-system level
(Figs. 6–8 and S3–S8).
Comparatively efficient dairy-beef production, relative to suckler-
beef production (Nguyen et al., 2010; Styles et al., 2018), has a key role
to play in meeting the increasing global demand for beef (Alexandratos
and Bruinsma, 2012) whilst reducing important local and global en-
vironmental impacts such as GWP, EP, AP, RDP and LO (Modernel
et al., 2013). There is an urgent need to recognise important inter-
system consequences, e.g. through simultaneous evaluation of multiple
product outputs such as milk and beef, in order to identify genuine
‘sustainable intensification’ (i.e. increasing production in the least en-
vironmentally harmful manner; Foresight, 2011) pathways.
However, our conventional LCA milk footprints (i.e. Figs. 3–4 and
S1) also shed light on important environmental trade-offs resulting
from the ongoing trend in dairy farm intensification in the UK
(Gonzalez-Mejia et al., 2018) and, more broadly, in other regions with
intensive systems (e.g. Northwest Europe and North America; Vellinga
and de Vries, 2018). Although increased reliance on imported con-
centrates for cattle feed can mitigate methane emissions from enteric
fermentation per L milk (Fig. 4; Hristov et al., 2013), it was found to
increase overall GWP per L milk in our analysis owing to higher up-
















































































Fig. 6. Relationship between the beef:milk ratio and burdens per complex FU (see Eq. (1)) for the North West in selected years. FU: functional unit; LWG: live weight
gain. GWP: global warming potential; EP: eutrophication potential; AP: acidification potential; RDP: resource depletion potential; LO: land occupation (on-
farm+off-farm). The red, green and blue dashed horizontal lines pass through the dairy farm with the maximum beef:milk ratio in 2003 (71 g LWG L−1), 2009
(63 g LWG L−1) and 2014 (74 g LWG L−1) respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
4 With the assumption that the FBS survey is a representative sample of dairy
and beef farms, a weighted combination of burdens gives an estimate of the
performance of the sector in aggregate, and it would be interesting to compare
this bottom-up estimate with, for example, a top-down national inventory es-
timate. In other words, does the accounting for the variability between farms
affect estimates at the sector level?
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study with FBS data showed that the UK dairy sector continues on a
long-term trend of intensification and specialization, with farms relying
more heavily on concentrates (Gonzalez-Mejia et al., 2018), thus in-
creasing indirect land occupation expressed in absolute terms, but also
per L of milk and per kg LWG. Alongside land required to produce
compensatory beef from suckler herds, this was found to be a major
driver of greenhouse gas emissions from land use change in Styles et al.
(2018).
Similarly, manure management emissions from manure storage and
spreading (Fig. 4) appear to be increasing owing to increasing rates of
animal housing across the UK dairy herd (March et al., 2014). Emissions
of ammonia in particular are driving important local and regional
burdens such as eutrophication and acidification (Modernel et al.,
2013), as well as burdens not reported here such as human toxicity
(European Commission, 2010). There is increasing attention on am-
monia emissions as a significant source of air pollution across the
European Union (European Commission, 2016). The increasing burdens
per unit of output of dairy farms in terms of EP and AP (Figs. 3 and S1)
is therefore a significant cause for concern and may require policy in-
tervention to improve N-use efficiency at the cow-level (Foskolos and
Moorby, 2018) and implementation of available manure management
technologies, especially for indoor livestock systems (Soteriades et al.,
2018). Mitigating these trade-offs needs to be considered along with
minimizing the impacts from compensatory beef requirements to
improve environmental efficiencies at the inter-system-level (Fig. 1).
4.2. Role of intensive suckler-beef farms in mitigating burdens
Suckler-beef farms were found to be environmentally inefficient
compared with dairy-beef production, on average (Figs. 3 and S1),
confirming results of recent studies (Nguyen et al., 2010). Indeed, cows
giving birth to dairy-beef calves are primarily producing milk, therefore
their emissions are apportioned primarily to milk production. Mother
suckler-cow emissions are fully attributable to beef progeny as ‘over-
heads’. Thus, whilst beef calves may fatten more quickly (efficiently)
owing to breed and management specialization, this factor does not
fully compensate these high overhead emissions (see Nguyen et al.,
2010). If dairy farming continues to intensify by specializing in milk
production (Gonzalez-Mejia et al., 2018), suckler-beef farms will have
to expand more quickly than they otherwise would have had to do to
meet growing demand for beef. Suckler-beef systems were the most
prevalent beef system typology in the FBS data (Section 2.2), and are
common across Europe (AHDB Beef and Lamb, 2016; Nguyen et al.,
2010; Weidema et al., 2008). Thus, in practice, it is highly likely that






























































































Fig. 7. Relationship between the beef:milk ratio and burdens per complex FU (see Eq. (1)) for all regions and years. Point size represents weight size in the regression
models. FU: functional unit; LWG: live weight gain. GWP: global warming potential; EP: eutrophication potential; AP: acidification potential; RDP: resource depletion
potential; LO: land occupation (on-farm+off-farm). (For interpretation of the references to colour in this figure, the reader is referred to the web version of this
article.)
5 It should be acknowledged that beef production could also be displaced
A.D. Soteriades, et al. Environment International 132 (2019) 104837
11
One potentially important mitigation action for dairy intensification
is therefore the ‘sustainable intensification’ of suckler-beef systems. Our
results from an extensive panel dataset corroborate a central finding
derived from hypothetical scenario modelling by Styles et al. (2018),
that intensification of suckler-beef production by increasing stocking
rates and rates of LWG can mitigate the impacts of displacing beef
output from dairy farms (Table 1). Suckler systems are generally more
extensive (Nguyen et al., 2010), and our findings suggest that there is
room for improving the utilization efficiency of the grass platform
(Finneran et al., 2011), augmented by targeted use of concentrate feed
where necessary to optimise growth rates (Hayek and Garrett, 2018).
Existing suckler-beef farms may be constrained by location and climate
in terms of how much intensification can be achieved. However, rela-
tively productive grassland spared by dairy intensification and shifts
towards concentrate feed could provide the ideal platform for sustain-
able intensification of suckler-beef systems, while leaving land for
nature of trees, with potential benefits for biodiversity and from carbon
sequestration (Styles et al., 2018).
4.3. Mitigation potentials
We found that allowing for a greater degree of dairy farm diversi-
fication can mitigate burdens for GWP, EP, AP and LO at the expense of
minor increases in RDP (Figs. 8 and S7–S8). While the largest reduc-
tions in GWP, EP, AP and LO per complex FU could only be achieved
-3% -4% -5% -13%
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Fig. 8. Percent changes (text below each point) in burdens per complex FU relative to increasing dairy farm diversification levels for the top-5% sensitivity run.
Values on the horizontal axis are the following five quartiles minimum; 1st quartile; median; 3rd quartile; and maximum. FU: functional unit; Global warming
potential in kg CO2 equivalents; Eutrophication potential in g PO4 eq.; Acidification potential in g SO2 eq.; Resource depletion potential in MJ; Land occupation (on-
farm+off-farm): in m2.
Table 1
Average intensity profiles of ‘virtual’ suckler-beef farmsa for the different sensitivity runs.
Top-5% Top-2.5% Top-10%
Highera Lowera Higher Lower Higher Lower
Stocking rate (LUb ha−1) 1.01 1.40 1.10 1.40 1.09 1.46
Concentrate use (t DMIc LU−1) 0.33 0.26 0.33 0.25 0.33 0.26
Animal-level beef production (kg LWGd LU−1) 167.60 171.45 167.64 171.73 167.67 171.23
Farm-level beef production (kg LWGha−1) 203.23 275.29 204.27 277.08 202.48 293.01
On-farm area (ha) 94.21 77.52 93.80 70.01 94.27 74.65
Off-farm area (ha) 5.61 5.12 5.63 4.86 5.60 5.19
a These are the suckler-beef farms where the intensity variables of interest were averaged over all ‘Higher’ or ‘Lower’ occurrences. ‘Higher’ (similarly, ‘Lower’)
refers to cases where a suckler-beef farm has higher (similarly, lower) burdens per complex functional unit than the farm with the maximum beef:milk ratio (see
Sections 2.1.3–2.1.4).
b LU: livestock units.
c DMI: dry matter intake.
d LWG: live weight gain.
(footnote continued)
abroad (e.g. Brazil), likely with greater consequences (Styles et al., 2018).
Therefore, our results are conservative.
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through a large shift from highly specialized (i.e. farm with low beef:-
milk ratio) to highly diversified (i.e. farm with high beef:milk ratio)
dairy farming systems, shifts to intermediate levels of diversification via
moderate increases in the beef:milk ratio could help achieve significant
burden reductions of up to 6–25% (Figs. 8 and S7–S8). These magni-
tudes are comparable with burden reductions achieved via managerial
changes such as choosing alternative grazing swards (Soteriades et al.,
2018) or adjusting the animals' productive life span and calving interval
(Vellinga and de Vries, 2018).
The latter options may be more economically attractive than di-
versification for already-specialized dairy farms, as there is little eco-
nomic incentive for farms to increase their beef:milk ratio at current
milk and beef prices (Vellinga and de Vries, 2018). In particular, ge-
netic differences between dairy and beef breeds mean that the eco-
nomic efficiency and quality of meat are generally lower for dairy
breeds (Clarke et al., 2009; Pfuhl et al., 2007). Rather than expect
specialized farms to diversify, a potentially more economically viable
management option for dairy farms would be to focus on reducing in-
puts (costs and upstream emissions) per animal and per litre of milk at
current levels of specialization. Meanwhile, suckler suckler-beef farms
should be intensified to help mitigate inter-system-level burdens from
compensatory beef (Table 1).
There exist several examples of livestock systems exhibiting im-
proved environmental and economic performance at lower intensity
levels (van Grinsven et al., 2015). On the other hand, investment in
technology can maintain production levels and improve environmental
efficiencies in intensive systems, although such technologies can be
capital-intensive (Dumont et al., 2013). Our results essentially indicate
that it may be environmentally preferable not to further intensify and
specialize already relatively intensive dairy systems, but instead to
focus on intensifying typically extensive beef systems, within nutrient
balance thresholds (van Grinsven et al., 2015). Our findings suggest
that Research and Development and subsidy support hitherto focussed
on dairy specialization, sustainable intensification and associated farm-
level mitigation options should be revisited to consider counter-effects
associated with beef system consequences.
However, it should also be noted that mitigation strategies in the
dairy sector will strongly depend on the origin of the displaced (i.e.
compensatory) beef, because burden intensities can vary substantially
between pure beef systems (de Vries et al., 2015; Vellinga and de Vries,
2018). A recent review found several instances of concentrate-based
systems exhibiting environmental efficiency advantages over roughage-
based systems owing to lower animal emissions (de Vries et al., 2015).
Future research could assess the inter-system-level burden intensities by
considering intensive concentrate-based FBS beef systems (e.g. in-
tensive cereal beef) that we did not examine owing to insufficient data
coverage in our 15-year study period.
5. Conclusions
It is detrimental for overall environmental efficiency to continue
specializing dairy farms in milk production, thus displacing beef pro-
duction. Specialization results in both an increase in carbon footprint
and an increase in more local burdens such as eutrophication and
acidification. The effect of ongoing global trends in dairy farm in-
tensification and specialization can be mitigated by (i) increasing beef
output per unit of milk achievable without a large change in a dairy
farm's management; and (ii) sustainable intensification of displaced
beef production. As suckler-beef farms are by far the most prevalent
beef system in Europe, burden intensities arising from displaced beef
may be offset by increasing stocking densities of suckler-beef systems
and improving grass utilization. A deemphasis on specialization of dairy
farms is necessary in policy and management advice for sustainable
intensification and burden mitigation.
Declaration of Competing Interest
No competing interests.
Acknowledgements
The authors acknowledge the financial support provided by the
Welsh Government and Higher Education Funding Council for Wales
through the Sêr Cymru National Research Network for Low Carbon,
Energy and Environment (NRN-LCEE). Special thanks to three anon-
ymous reviewers for their very constructive recommendations in par-
ticular the suggestion of modelling sensitivity to the beef:milk ratio and
regional effects.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.envint.2019.05.031.
References
AFRC, 1993. Energy and Protein Requirements of Ruminants. CAB International,
Wallingford.
AHDB, 2017. Nutrient Management Guide (RB209). Agriculture and Horticulture
Development Board, Warwickshire, UK.
AHDB Beef & Lamb, 2016. Beef BRP Manual 5: Feeding Suckler Cows and Calves for
Better Returns. Agriculture and Horticulture Development Board, Kenilworth.
AHDB Dairy, 2017. Fertiliser prices [online]. https://dairy.ahdb.org.uk/market-
information/farm-expenses/fertiliser-prices/uk-fertiliser-prices/#.W6t60FIh39Q,
Accessed date: 5 April 2019.
AHDB Dairy, 2018. FARMBRIEF Historic UK Feed Prices (up to Feb 17) [online]. https://
dairy.ahdb.org.uk/resources-library/market-information/farm-expenses/farmbrief-
historic-uk-feed-prices-(up-to-feb-17)/#.W5jonlIh0hc [Accessed 5 April 2019].
Alexandratos, N., Bruinsma, J., 2012. World Agriculture towards 2030/2050: The 2012
Revision (No. ESA Working Paper No. 12–03). Food and Agriculture Organization of
the United Nations, Rome.
Brown, P., Broomfield, M., Cardenas, L., Choudrie, S., Kilroy, E., Jones, L., Passant, N.,
Thomson, A., Wakeling, D., 2017. UK Greenhouse Gas Inventory, 1990 to 2015:
Annual Report for Submission under the Framework Convention on Climate Change.
Defra, London.
Clarke, A.M., Drennan, M.J., McGee, M., Kenny, D.A., Evans, R.D., Berry, D.P., 2009.
Intake, live animal scores/measurements and carcass composition and value of late-
maturing beef and dairy breeds. Livest. Sci. 126, 57–68. https://doi.org/10.1016/j.
livsci.2009.05.017.
CML, 2017. CML-IA Characterisation Factors. [online]. https://www.universiteitleiden.
nl/en/research/research-output/science/cml-ia-characterisation-factors, Accessed
date: 5 April 2019.
Conover, W.J., 1999. Practical Nonparametric Statistics. John Wiley & Sons, Inc, New
York.
de Vries, M., van Middelaar, C.E., de Boer, I.J.M., 2015. Comparing environmental im-
pacts of beef production systems: a review of life cycle assessments. Livest. Sci. 178,
279–288. https://doi.org/10.1016/j.livsci.2015.06.020.
Defra, 2009. Analysis of Recent Data on Dairy Cows in England and Implications for the
Environment – 2009 Update, Defra Agricultural Change and Environment
Observatory Research Report No. 14. Defra.
Domingues, J.P., Ryschawy, J., Bonaudo, T., Gabrielle, B., Tichit, M., 2018. Unravelling
the physical, technological and economic factors driving the intensification trajec-
tories of livestock systems. Animal 12, 1652–1661. https://doi.org/10.1017/
S1751731117003123.
Dumont, B., Fortun-Lamothe, L., Jouven, M., Thomas, M., Tichit, M., 2013. Prospects
from agroecology and industrial ecology for animal production in the 21st century.
Animal 7, 1028–1043. https://doi.org/10.1017/S1751731112002418.
European Commission, 2010. ILCD Handbook: Analysing of Existing Environmental
Impact Assessment Methodologies for Use in Life Cycle Assessment. Institute for
Environment and Sustainability, Ispra (VA), Italy.
European Commission, 2016. Directive (EU) 2016/2284 of the European Parliament and
of the Council of 14 December 2016 on the Reduction of National Emissions of
Certain Atmospheric Pollutants, Amending Directive 2003/35/EC and Repealing
Directive 2001/81/EC. European Commission.
FAOSTAT, 2019. Compare Data. [online]. http://www.fao.org/faostat/en/#compare,
Accessed date: 5 April 2019.
FBS, 2016. 2015/16 Instructions for collecting the data and completing the farm return.
[online] 239. https://assets.publishing.service.gov.uk/government/uploads/system/
uploads/attachment_data/file/579733/fbs-instructions-201516_22dec16.pdf,
Accessed date: 5 April 2019.
FBS, 2018a. Farm Business Survey. [online]. https://www.gov.uk/government/
collections/farm-business-survey, Accessed date: 5 April 2019.
FBS, 2018b. Farm business survey - technical notes and guidance. [online]. https://www.
gov.uk/guidance/farm-business-survey-technical-notes-and-guidance, Accessed date:
A.D. Soteriades, et al. Environment International 132 (2019) 104837
13
5 April 2019.
Finneran, E., Crosson, P., O'Kiely, P., Shalloo, L., Forristal, P.D., Wallace, M., 2011.
Economic modelling of an integrated grazed and conserved perennial ryegrass forage
production system. Grass Forage Sci. 67, 162–176. https://doi.org/10.1111/j.1365-
2494.2011.00832.x.
Flysjö, A., Cederberg, C., Henriksson, M., Ledgard, S., 2012. The interaction between milk
and beef production and emissions from land use change – critical considerations in
life cycle assessment and carbon footprint studies of milk. J. Clean. Prod. 28,
134–142. https://doi.org/10.1016/j.jclepro.2011.11.046.
Foresight, 2011. The Future of Food and Farming. The Government Office for Science,
London.
Foskolos, A., Moorby, J.M., 2018. Evaluating lifetime nitrogen use efficiency of dairy
cattle: a modelling approach. PLoS One 13, e0201638. https://doi.org/10.1371/
journal.pone.0201638.
Gonzalez-Mejia, A., Styles, D., Wilson, P., Gibbons, J., 2018. Metrics and methods for
characterizing dairy farm intensification using farm survey data. PLoS One 13,
e0195286. https://doi.org/10.1371/journal.pone.0195286.
Guerci, M., Bava, L., Zucali, M., Sandrucci, A., Penati, C., Tamburini, A., 2013. Effect of
farming strategies on environmental impact of intensive dairy farms in Italy. J. Dairy
Res. 80, 300–308. https://doi.org/10.1017/S0022029913000277.
Guinée, J.B., Gorrée, M., Heijungs, R., Huppes, G., Kleijn, R., Koning, A. de, Oers, L. van,
Wegener Sleeswijk, A., Suh, S., Udo de Haes, H.A., Bruijn, H. de, Duin, R. van,
Huijbregts, M.A.J., 2002. Handbook on Life Cycle Assessment. Operational Guide to
the ISO Standards. I: LCA in Perspective. IIa: Guide. IIb: Operational Annex. III:
Scientific Background. Kluwer Academic Publishers, Dordrecht.
Hayek, M.N., Garrett, R.D., 2018. Nationwide shift to grass-fed beef requires larger cattle
population. Environ. Res. Lett. 13, 084005.
Hristov, A.N., Oh, J., Firkins, J.L., Dijkstra, J., Kebreab, E., Waghorn, G., Makkar, H.P.S.,
Adesogan, A.T., Yang, W., Lee, C., Gerber, P.J., Henderson, B., Tricarico, J.M., 2013.
Special topics — mitigation of methane and nitrous oxide emissions from animal
operations: I. a review of enteric methane mitigation options1. J. Anim. Sci. 91,
5045–5069. https://doi.org/10.2527/jas.2013-6583.
IPCC, 2006. IPCC Guidelines for National Greenhouse gas Inventories. IGES, Hayama,
Japan.
ISO, 2006. ISO 14040:2006. Environmental Management - Life Cycle Assessment -
Principles and Framework. International Organization for Standardization.
Ledgard, S.F., Finlayson, J.D., Gavin, J., Blackwell, M.B., Carran, R.A., Wedderburn, M.E.,
Jollands, N.A., 2003. Resource use efficiency and environmental emissions from an
average Waikato dairy farm, and impacts of intensification using nitrogen fertiliser or
maize silage. In: Proceedings of the New Zealand Grassland Association. vol. 65. pp.
185–189.
Long, J.A., 2019. Interactions: comprehensive, user-friendly toolkit for probing interac-
tions. [online]. https://cran.r-project.org/package=interactions, Accessed date: 5
April 2019.
March, M.D., Haskell, M.J., Chagunda, M.G.G., Langford, F.M., Roberts, D.J., 2014.
Current trends in British dairy management regimens. J. Dairy Sci. 97, 7985–7994.
https://doi.org/10.3168/jds.2014-8265.
McAuliffe, G.A., Takahashi, T., Orr, R.J., Harris, P., Lee, M.R.F., 2018. Distributions of
emissions intensity for individual beef cattle reared on pasture-based production
systems. J. Clean. Prod. 171, 1672–1680. https://doi.org/10.1016/j.jclepro.2017.10.
113.
Modernel, P., Astigarraga, L., Picasso, V., 2013. Global versus local environmental im-
pacts of grazing and confined beef production systems. Environ. Res. Lett. 8, 035052.
Nguyen, T.L.T., Hermansen, J.E., Mogensen, L., 2010. Environmental consequences of
different beef production systems in the EU. J. Clean. Prod. 18, 756–766. https://doi.
org/10.1016/j.jclepro.2009.12.023.
NRC, 2001. Nutrient Requirements of Dairy Cattle. National Academy Press,
Washington, D.C.
Parsons, D., Williams, A., 2015. Analysis of the Farm Business Survey Feeding Practices
Module. Institute for Environment, Health, Risks and Futures Cranfield University,
Bedford, UK.
Pfuhl, R., Bellmann, O., Kühn, C., Teuscher, F., Ender, K., Wegner, J., 2007. Beef versus
dairy cattle: a comparison of feed conversion, carcass composition, and meat quality.
Arch. Anim. Breed. 50, 59–70. https://doi.org/10.5194/aab-50-59-2007.
Puillet, L., Agabriel, J., Peyraud, J.L., Faverdin, P., 2014. Modelling cattle population as
lifetime trajectories driven by management options: a way to better integrate beef
and milk production in emissions assessment. Livest. Sci. 165, 167–180. https://doi.
org/10.1016/j.livsci.2014.04.001.
Qi, A., Murray, P.J., Richter, G.M., 2017. Modelling productivity and resource use effi-
ciency for grassland ecosystems in the UK. Eur. J. Agron. 89, 148–158. https://doi.
org/10.1016/j.eja.2017.05.002.
R Core Team, 2018. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna. http://www.R-project.org/.
Redman, G., 2017. The John nix Pocketbook for Farm Management, 48th ed. Agro
Business Consultants, Melton Mowbray, UK.
Ruviaro, C.F., de Léis, C.M., Lampert, V. do N., Barcellos, J.O.J., Dewes, H., 2015. Carbon
footprint in different beef production systems on a southern Brazilian farm: a case
study. J. Clean. Prod. 96, 435–443. https://doi.org/10.1016/j.jclepro.2014.01.037.
Soteriades, A.D., Gonzalez-Mejia, A., Styles, D., Foskolos, A., Moorby, J., Gibbons, J.,
2018. Effects of high-sugar grasses and improved manure management on the en-
vironmental footprint of milk production. J. Clean. Prod. 202, 1241–1252.
Steinfeld, H., Gerber, P.J., Wassenaar, T., Castel, V., Rosales, M., de Haan, C., 2006.
Livestock's Long Shadow: Environmental Issues and Options. Food and Agriculture
Organization of the United Nations (FAO), Rome.
Styles, D., Gibbons, J., Williams, A.P., Stichnothe, H., Chadwick, D.R., Healey, J.R., 2015.
Cattle feed or bioenergy? Consequential life cycle assessment of biogas feedstock
options on dairy farms. GCB Bioenergy 7, 1034–1049. https://doi.org/10.1111/gcbb.
12189.
Styles, D., Gonzalez-Mejia, A., Moorby, J., Foskolos, A., Gibbons, J., 2018. Climate mi-
tigation by dairy intensification depends on intensive use of spared grassland. Glob
Change Biol 24, 681–693. https://doi.org/10.1111/gcb.13868.
Summer, D.A., Wolf, C.A., 2002. Diversification, vertical integration, and the regional
pattern of dairy farm size. Appl. Econ. Perspect Policy 24, 442–457. https://doi.org/
10.1111/1467-9353.00030.
Thoma, G., Jolliet, O., Wang, Y., 2013. A biophysical approach to allocation of life cycle
environmental burdens for fluid milk supply chain analysis. Int. Dairy J. 31, S41–S49.
https://doi.org/10.1016/j.idairyj.2012.08.012.










Van Amburgh, M.E., Collao-Saenz, E.A., Higgs, R.J., Ross, D.A., Recktenwald, E.B.,
Raffrenato, E., Chase, L.E., Overton, T.R., Mills, J.K., Foskolos, A., 2015. The Cornell
net carbohydrate and protein system: updates to the model and evaluation of version
6.5. J. Dairy Sci. 98, 6361–6380. https://doi.org/10.3168/jds.2015-9378.
van Grinsven, H.J.M., Erisman, J.W., de Vries, W., Westhoek, H., 2015. Potential of ex-
tensification of European agriculture for a more sustainable food system, focusing on
nitrogen. Environ. Res. Lett. 10, 025002. https://doi.org/10.1088/1748-9326/10/
2/025002.
Vellinga, T.V., de Vries, M., 2018. Effectiveness of climate change mitigation options
considering the amount of meat produced in dairy systems. Agric. Syst. 162,
136–144. https://doi.org/10.1016/j.agsy.2018.01.026.
Venables, W.N., Ripley, B.D., 2002. Modern Applied Statistics with S, Statistics and
Computing. Springer, New York.
Weidema, B.P., Wesnæs, M., Hermansen, J., Kristensen, T., Halberg, N., 2008.
Environmental improvement potentials of meat and dairy products, JRC scientific
and technical reports. In: European Commission. Seville, Spain.
Wickham, H., 2016. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag, New
York.
Zehetmeier, M., Baudracco, J., Hoffmann, H., Heißenhuber, A., 2012. Does increasing
milk yield per cow reduce greenhouse gas emissions? A system approach. Animal 6,
154–166. https://doi.org/10.1017/S1751731111001467.
A.D. Soteriades, et al. Environment International 132 (2019) 104837
14
